Functional Unit for Impact Assessment in the Mining Sector—Part 1 by BONGONO, Julien et al.
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of
Technology researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/19496
To cite this version :
Julien BONGONO, Birol ELEVLI, Bertrand LARATTE - Functional Unit for Impact Assessment in
the Mining Sector—Part 1 - Sustainability p.9313 - 2020




Functional Unit for Impact Assessment in the Mining
Sector—Part 1
Julien Bongono 1, Birol Elevli 2 and Bertrand Laratte 1,2,3,*
1 Arts et Métiers Institute of Technology, University of Bordeaux, CNRS, Bordeaux INP, INRAE,
I2M Bordeaux, F-33400 Talence, France; julien.bongono@ac-bordeaux.fr
2 Department of Industrial Engineering, Ondokuz Mayıs University, Samsun 55139, Turkey;
birol.elevli@omu.edu.tr
3 APESA-Innovation, F-40220 Tarnos, France
* Correspondence: bertrand.laratte@ensam.eu
Received: 13 October 2020; Accepted: 9 November 2020; Published: 10 November 2020


Abstract: More and more efforts are directed towards the standardization of the methods of
determining the functional unit (FU) in a Life Cycle Assessment (LCA). These efforts concern
the development of theories and detailed methodological guides, but also the evaluation of the
quality of the FU obtained. The objective of this article is to review this work in order to propose,
using a multiscale approach, a method for defining the FU in the mining sector, which takes into
account all the dimensions of the system under study. In this first part, the emphasis is on identifying
the shortcomings of the FU. The absence of a precise normative framework specific to each sector of
activity, as well as the complex, multifunctional and hard-to-scale nature of the systems concerned,
are at the origin of the flexibility in the selection of the FU. This lack of a framework, beyond generating
a heterogeneous definition of the FU for the same system, most often leads to an incomplete formulation
of this sensitive concept of LCA. It has been found that key parameters such as the end-use of a product
or process, as well as the interests of stakeholders, are hardly taken into account in the specification of
the FU.
Keywords: functional unit; LCA methodological framework; system boundary; reference flow;
impact assessment; mining sector
1. Introduction
The emergence of Life Cycle Assessment (LCA)-type studies dates to the late 1960s. LCA
was recognized worldwide as one of the tools for analyzing environmental problems in 1988 [1].
Even though it had already been used in certain industrial sectors, it was from 1990 that methodological
developments and the standardization process began to harmonize in practice [2]. Three decades later,
the methodological framework defined by the series of standards ISO14040 to ISO 14044 (2006) [3,4] is
generally accepted as a reference. It is made up of four main stages: the goal and scope definition,
the inventory analysis, the impact assessment, and the interpretation. This normative and iterative
framework is effective in terms of conducting LCA and presenting the analysis results, which have
therefore become more robust, reproducible, and reliable.
One of the main strengths of this normative framework is its flexibility to be adapted to all
sectors of human activity. A wide flexibility is left to practitioners and researchers in its application,
in particular when defining the central concept of a functional unit (FU). But from another point of
view, this flexibility is also a flaw because it generates problems of uniformity of practices that must
be resolved.
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However, with all standards and normative frameworks, one can observe some lacks and
limitations in order to conduct an LCA in the mining sector. This paper aims to review mining LCA,
and especially the FU, and identify the key points and a critical analysis. This paper also aims to
identify the missing points in the FU that could be considered in order to avoid some parameters that
could be used to compare different mining processes.
1.1. Problems of Uniformity of Functional Unit and Variability of LCA Results
The representativeness and the value of the results of an LCA depend on the robustness,
the reproducibility and the reliability of the choices that are made during the execution of the four
steps of the analysis. Reap et al. [5] identified 15 points of vulnerability across all stages of LCA
methodology. Six of the 15 vulnerability issues are rated as critical. On a severity scale of 1 to 5,
the definition of the FU is positioned on level 4, making this critical step a particular point of attention
when performing an LCA. This weakness of LCA due to the definition of the FU is probably because
of the absence of a detailed normative framework for each sector of activity and specific context,
which leaves a significant amount of subjectivity to LCA analysts. The FU is thus defined in an arbitrary
manner, generating, for the same case study, a significant variability in its formulation [6]. In addition,
the FU tends to be defined in a simplistic or insufficient way [7] because only the main functions and
constraints are taken into account, and are not necessarily representative of all the impacts at stake.
For the same system, the formulation of the FU can be done in different ways, so that its final form
depends on who carries out the LCA.
Studies show that the choice of FU can affect the LCA results, going so far as to alter the apparent
favorable option. The study of bio-based energy options [8], that of the analysis of E10 and E85 fuels [9],
that of the analysis of electric vehicle batteries [10], or that of the study of the boron industry [11,12]
are some examples of studies where the choice of the functional unit has significantly influenced the
LCA results.
1.2. Difficulties in Selecting the Functional Unit
Methodological development is continuing, but many difficulties related to the selection of the
FU persist. These difficulties are generally observed when studying multifunctional systems, or when
dealing with systems for which it is particularly difficult to define the FU [13–15]. These are referred to
hereafter as hard-to-scale systems. Langfitt notes six difficulties linked to the definition of the FU [16]:
the choice to include all the functions or only part of the functions of the system in the definition
of the FU; the taking into account of both quantitative and qualitative functions; prioritization of
functions; uncertainty about the end use of the product; taking stakeholder interests into account;
and the avoidance of bias and generalization. In the absence of concise and precise guidance, it is not
uncommon, even unintentionally, to give in to these difficulties.
1.3. Guidance for the Selection of the Functional Unit
There are many initiatives to guide the LCA analyst practitioner. They are the work, among others,
of the international organization for standardization [3,4], the European Commission [17] and numerous
researchers [6,13,16,18–23]. These guidelines show what the FU is, what it is not, and are sometimes
complementary and become more precise, as shown in Table 1.
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Table 1. Guidance for the selection of the functional unit.
Regulatory Bodies and Research Actors Guidelines for Defining the Functional Unit
International Organization for Standardization
• «Quantify performance of a product system for use as a reference unit»
• «Specify the functions of the system being studied»
• «Should be consistent with the goal and scope of the study»
• «Clearly defined and measurable»
• The systems that are compared must have the same functional unit
• System functions that are not considered in the functional unit must be identified
and the omission must be explained
European Commission
• The functional unit should answer the following four questions: What? How
many? How well? For how long?
• The order of magnitude of the functional unit is irrelevant
UNEP-SLCA (United Nations Environment
Program for Social Life Cycle Assessment)
• The product utility is required to be describe in functional terms, and the
practitioner should consider the social impacts of the product use phase
and function
Researchers
• The order of magnitude of the functional unit is in the order of a meaningful
quantity, such as annual production [21]
• The order of magnitude of the functional unit is of the same order as the annual
per capita consumption of the product studied in its market segment [19]
• Prioritize quantitative measurements for quality indicators [13]
• Secondary functions should either be neglected or be dealt with in the following
hierarchical order: expansion of system boundaries/system
disaggregation/allocation [13,18,21]
• The function identified in the functional unit should be closest to the end use and
should be aligned with the objective of the study [20]
• Define the functional unit on the functional basis rather than the physical aspect
of the system [19]
• Follow the fuon theory approach when the evaluation relates to the impacts of a
system under design [20]
• Judge the quality and appropriateness of the functional unit based on a
quantitative assessment and not only on the basis of good practices from the
literature [16]
• Use an active verb-noun pair as the first step in defining the functional unit [23]
• Consider three factors for the definition of the functional unit: the order of
magnitude of the service provided by the system, the duration of the service and
the expected level of quality [6,13]
• Define the main functions, any secondary functions and the constrained functions
of the system with the methods of functional analysis [6]
• Structure each of these functions around the fourth ILCD Handbook element [6]
2. Materials and Methods
The objective of this study was to provide a concise methodology for determining FUs in the mining
sector. A bibliographic search was carried out on the main scientific search engines (Google Scholar,
Researchgate, Sciencedirect, Academia, Springer, etc.) to select the articles devoted to the methodology
of life cycle analysis and to the methodological problems encountered during case studies. A focus was
placed on articles dedicated specifically to the methodology for defining the FU. The selected articles
were purposely from several industrial sectors, in order to constitute an inter-contextual corpus which
made it possible to identify commonalities beyond the contextual variations of the methodology.
Due to the existence of a normative framework from 2006 (ISO 14000 series of standards), most of
the articles examined dates from then until 2019. The following keywords were used for the search:
Functional Unit, LCA methodology, Mining industry, Reference flow, Standardization. Nearly 10,000
studies (articles and theses combined) were found, including 15 relevant (13 articles and 2 theses)
papers. This literature review focused on identifying the shortcomings of the methodology for defining
the FU and establishing its variability depending on the types of LCA application. The critical analysis
took place to specify the key parameters missing from the FU, necessary for the impact studies of the
mining activity.
3. Results
3.1. Putting the Difficulties Encountered and the Guidance of the LCA Literature into Perspective
To better understand the role of each guideline, their perspective with the difficulties encountered
in the practice of LCA is proposed in Table 2. Putting the guidelines and the difficulties encountered
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in defining the FU into perspective indicates which guidelines meet which difficulty. While there
are a significant number of guidelines for certain difficulties, such as the choice to include all of
the functions or only part of the functions of the system, the consideration of both quantitative and
qualitative functions, and the avoidance of bias and generalization, other difficulties, on the other
hand, such as the prioritization of functions, uncertainty about the end use of the product or taking
into account the interests of stakeholders were found to have no guidance (or very little) present in the
literature selected for this study. This lack of guidance means that the variability of LCA results due to
the variability of the FU is still a significant problem. Developing concise industry-specific guidelines
for specific contexts seems to be the solution [16].
Table 2. Putting the difficulties encountered and the guidance of the Life Cycle Assessment (LCA)
literature into perspective. The guidelines in bold text are more consistent with multifunctional systems.
Hard-to-scale systems are, by deduction, monofunctional.
Multifunctional Systems/Hard-to-Scale Systems
Choice to include or exclude the functions
• «Specify the functions of the system being studied» ISO 14044 [4]
• «Should be consistent with the goal and scope of the study» [4]
• «Clearly defined and measurable» [4]
• The systems that are compared must have the same functional unit ISO 14044 [4]
• Define the functional unit on the functional basis rather than the physical aspect of
the system [19]
• The product utility is required to be described in functional terms, and practitioners
should consider the social impacts of the product use phase and function [24]
• The functions identified in the functional unit should be closest to the end use and
should be aligned with the objective of the study [20]
• System functions that are not considered in the functional unit must be identified and
the omission must be explained [4]
Considering both quantitative and qualitative
functions
• The functional unit should answer the following four questions: What? How many?
How well? For how long? [17]
• Consider three factors for the definition of the functional unit: the order of magnitude
of the service provided by the system; the duration of the service; and the expected
level of quality [6,13]
• Structure each of these functions around the fourth ILCD Handbook element [6,17]
• The order of magnitude of the functional unit is irrelevant [17]
• The order of magnitude of the functional unit is in the order of a meaningful quantity,
such as annual production [21]
• The order of magnitude of the functional unit is of the same order as the annual per
capita consumption of the product studied in its market segment [19]
• Prioritize quantitative measurements for quality indicators [13]
Avoidance of bias and generalization
• Follow the fuon theory approach when the evaluation relates to the impacts of a
system under design [22]
• Judge the quality and appropriateness of the functional unit based on a quantitative
assessment and not only on the basis of good practices from the literature [16]
• Use an active verb-noun pair as the first step in defining the functional unit [23]
• Define the main functions, any secondary functions, and the constrained functions of
the system with the methods of functional analysis [6]
Prioritization of functions
• Secondary functions should either be neglected or be dealt with in the following
hierarchical order: expansion of system boundaries/system disaggregation/allocation
[13,18,21]
Uncertainty about the end use of the product -
Considering of stakeholder interests -
3.2. Definition of the Functional Unit in Different Industrial Sectors
Industrial sectors are unique when they develop specific contexts surrounding the product
(The term product will be used in the remainder of this text to designate either a product, a process,
or a more complex technical system), process or system under study. Therefore, it seems that the
development of concise guidance specific to each industrial sector is necessary for the definition of
the FU. If the conciseness and precision of the guidance is not assured, it is possible to observe the
differences in the formulation of the FU as shown in Table 3. This table summarizes seven different
LCA studies, from different industrial sectors. Its purpose mainly concerns the first step of the LCA
process: defining the goal and scope of the study. The salient elements of the table are the types of LCA
application, the study objectives, and the FU column. It is important to point out that even though
reading the table by row can be useful for understanding each study, it quickly becomes insufficient
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because the information is purposely truncated for the intents of this research. The privileged reading
is therefore that by column. Five (5) distinct applications of LCA were identified out of the seven
studies considered. They relate to the extraction of raw materials (process optimization), product
design, process design, waste reduction (process selection) and product selection.
Table 3. Functional units (FUs) in different industrial sectors.
LCA and Its Applications Example of Study Objective of the Study Functional Unit Reference Flow
Process optimization Study 1: Boron miningand processing [11,25]
To improve the process
performance on the basis
of its actual operation
(internal use)
«Operation of the system
for one year» (FU1)
Quantities of material and
energy required to meet
operation requirements of the
system for one year






«The production of 1 kg of
copper cathode» (FU2)
Quantities of material and
energy required to produce 1
kg of copper cathode





«The production of 1 kg of
cobalt» (FU3)
Quantities of material and
energy required to produce 1
kg of cobalt
Product design Study 4: Designinggrinding wheel [12]
The determination of the
environmental impact for
one grinding wheel within
a cradle-to-gate and a
cradle-to-grave
perspective, respectively.
The assessment was based
on the demanded energy
and resource flows
«The material extraction
and production phase of a
vitrified bonded grinding
wheel with a straight
profile, an external
diameter of 400 mm, width
of 15 mm and an abrasive
layer thickness of 5 mm»
(FU4)
Quantities of material and
energy required to produce a
grinding wheel
Process design Study 5: Grindingprocess [12]







Number of required grinding
wheels
Process comparison Study 6: SO2abatement [25]
To compare different SO2
abatement techniques: wet
limestone/gypsum double
alkali and dry sodium
carbonate processes
«Treatment of one ton of
SO2 in the flue gas» (FU6)
Quantities of material and
energy required to meet
treatment of one ton of SO2 in
the flue gas
Products comparison Study 7: HVFAconcrete [28]
To quantify the
environmental benefits of
an OPC replacement with
fly ash
«The amount of concrete
needed in a 1 m3 structure
with a service life of 50
years» (FU7)
Quantities of material and
energy required to meet the
amount of concrete needed in
a 1 m3 structure with a service
life of 50 years
The objectives of the studies: an objective consists of one or more actions which are generally
allocated resources and a duration of execution. The objectives of the seven studies fell into two
categories: the objectives were made up of a single main action, that of identifying hot spots (studies
1, 6 and 7); and the objectives were made up of two actions: the identification of hot spots and the
comparison of alternative options (studies 2 to 5). For identical applications, the objectives to achieve
the goal of the study may be different: a heterogeneity which depends on the delineation of the object
of study or more precisely on the scope of the study.
The formulation of an FU: FUs are formulated in a very heterogeneous way, even when it comes
to identical applications and objectives. For example, studies 1 to 3 correspond to the same type
of application, but only FU2 and FU3 show features of similarity. Worse yet, studies 1, 6 and 7 or
studies 2 to 5 each have the same objectives (in the sense of the number of actions they contain and
their nature), but there are no apparent similarities between the FUs, neither in their formulation nor
in their dimension. The only common features that can be seen visibly, such as the quantity of the
service function, are insufficient to conclude on the similarity of the FUs. The lack of guidance on
certain difficulties mentioned in Table 2, and the plethora of guidance on other methodological points,
leads to variability in the formulation of an FU, for which we do not know the level of reliability.
More sophisticated tools are needed to accurately assess their degree of similarity and quality. It is
necessary to check the requirements of the definition of the FU (Table 4) then the dimensions taken into
account in their definition (Table 5) and build the similarity matrices.
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3.3. Requirements of the Definition of the Functional Unit
The definition of the FU must include, for each object of study, the functional metric performance
specific to its use and the expected exposure conditions [29]. However, the uncertainty about the end
use of the object of study makes it difficult to take these performances into account, introducing a source
of significant variability in the formulation of the FU. To reduce arbitrariness, the procedure provides
the execution of successive steps in a hierarchical order [4,19]. In general, it is essential that the relevant
market segment and the mandatory properties of the object of study have been determined before the
expression of the functional unit. For a multifunctional object of study, it is important to start with
system expansion. If the conditions for expansion are not met, resort to system disaggregation. If the
object of study has many interconnected sub-processes, then allocation techniques should be used [3,4].
If this is not satisfactory, consider hybrid LCA with multi-objective optimization (LCA-MO) [30,31].
This procedure should be applied to all studies, but testing of the seven studies did not fully support
this view (Table 4). The least fulfilled requirements concerned the identification of market segments
and the use of hybrid LCA.
Identification of the market segment: Five (5) out of seven studies failed to identify the market
segment of the study object. This result suggests that even if the physical quantities such as the quantity
of annual production, the geographical distribution of production, the temporality of user demand or
even the category of end users, would have revealed properties that are obligatory to the LCA study,
they could not be taken into account in the formulation of the FU.
Identification of alternative products and processes: Only one of the seven studies did not describe
alternatives of the study object. On the other hand, four out of seven studies showed alternative
products and processes without first identifying the market segment concerned by the object of the
study. However, alternative products and processes must be determined in this market segment.
LCA hybrid assessment: In LCA, allocation techniques should be avoided whenever possible [3,4],
as the resulting study outcomes are controversial [32]. If, despite everything, allocation techniques are
used, the results should be reinforced by a hybrid evaluation freed from allocation techniques [30,31].
Two out of three studies do not compare their results with those of an LCA-MO, thus making the
choices made when treating multi-functionality difficult to assess.
3.4. The Main FU Parameters
According to the work of Cluzel [6] and those of the European Commission [17], an FU should
include four dimensions structured around the functions of the object of study and introduced by a verb
in the infinitive. The four dimensions are the responses to “What?”, “How much?”, “How well?” and
“For how long?” of the object of study. Seven (7) FUs were analyzed on the presence or absence of the
dimensions mentioned above (Table 5). No FU contained both the four dimensions and the introductory
verb. While the “what” and “how much” dimensions are generally present in the formulation of an FU,
the introductory verb and the “How well?” for “how long?” dimensions are rarely taken into account.
Indeed, the guidance concerning the introduction of the FU by a verb in the infinitive is relatively recent.
The first article suggesting its use dates from 2013 [6]. In addition, this suggestion of harmonization
does not have the weight of a standard, hence it receives less consideration than the dimensions “how
well?” for “how long?”. These last two dimensions refer to a quality indicator and the lifespan of
a product (or a process), respectively. While it is preferable to quantify a quality indicator, the exercise
remains difficult, especially because there is no dedicated method to date. The same observation can
be made on the estimation of the lifespan of products and processes. Guidance is limited to advising
duration that have meaning, for example that of the actual lifespan of the product or process, or to
consider the year to refer, for example, to annual production.
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Table 4. The requirements of the definition of the functional unit.
Properties of the
Product or Process
Market Segments Product or Process
Alternatives
Functional Unit








Study 1: Boron mining and
processing [11,25]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Tabl  4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒   ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒  ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑   ☒ ☐ 




☑ ☐ ☑ ☑ ☒   ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒   ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒   ☒ 
☑ d ne ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mi ing [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 
Studies 4 and 5:  
Designing gri ding 
wheel, Grinding 
process [12] 
☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑  ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐  ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑  ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requ rements of he defi ition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




 ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Study 2: Copper mining [26]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition of the functional unit. 
 
Properties of 














Usi g Physical 
Causati n 








Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Tabl  4. The requiremen s of the defi ition of the fu ctional it. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐  ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐  ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐  ☑ ☒  ☒ ☒ ☒ 
☑ done ☐missi g ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR P ER REVIEW 9 of 16 
 
abl  4. The requirem ts of the de inition of the functional unit. 
 
Pr perties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒   ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒  ☒ ☑ ☐ 
Study 3: Cobalt 
ext a tion process [27] ☑ ☑ ☑ ☒ ☑   ☒ ☐ 
Stu ies 4 and 5:  
Des gn  grinding 
wheel, Grinding 
process [12] 
☑ ☐ ☑ ☑ ☒   ☒ 
tudy 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒   ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒   ☒ 
☑ d ne ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Tabl  4. The r qu rements of the definition of the functional unit. 
 
Properties f













All cati n 
Using Physical 
Causation 








Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑   ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition f the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Stu y 1: Boron mining 
and processing [11,25]  ☑  ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐  ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Study 3: Cobalt extraction
process [27]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of th  definition of the functional nit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction p ocess [27] ☑ ☒  ☐




Study 6: SO2 abatement 
[25] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 



























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction p ocess [27] ☑ ☒  ☐




Study 6: SO2 abatement 
[25] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition of the fu ctio al unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
min [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction p ocess [27] ☑ ☒ ☑ ☐




Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Prope ties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: C pper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: C balt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒   ☐
Studies 4 and 5: 
Designing gri i  
wheel, Grinding 
process [12] 
☑ ☐ ☑ ☑ ☒ ☒   
Study 6: SO  abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA
concrete [28] ☑ ☐ ☑  ☒  ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requireme t  f the definition of the fu ctional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒  ☑ ☑ 
Study 2: Copper 
mining [26] ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☐ 




☐ ☑ ☑ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐  ☑ ☒  ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒  ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 
Studies 4 a d 5:  
Designing grind g 
wheel, Grinding 
process [12] 
☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐  ☑ ☒  ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 





















Optimiz ti  
Hybrid 
Assessment 
Study 1: Boron mining 
and processing [11,25] ☑ ☑  ☒ ☒ ☑ ☑ ☑ ☑ 
2 C pper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑  ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requ rements of he defi ition f the functional unit. 
 
Propert es f




Produc  r 
P ocess 
Alternatives 

















Study 1: Boron m ning 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☑ ☒ ☒ ☒ ☐ 




 ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Prop rties of 
























Stu y 1: Boron mining 
and processing [11,25] ☑ ☑  ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐  ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobal  
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Studies 4 and 5: Designing
grinding wheel, Grinding
process [12]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑ ☑    ☑  ☑ 
Study 2: Copper 
mining [26]   ☐     ☑  
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




         
Study 6: SO2 abatement 
[25]          
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirem nts of th  definition of the functional unit. 
 
r perties of 
























Study 1: Boron mining 
and proc ssing [11,25] ☑   ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒  ☐ 
Study 3: Cobalt 
xtr ction process [27] ☑   ☒  ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. Th  requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑    ☑    
Study 2: Copper 
mining [26]   ☐       
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




         
Study 6: SO2 abatement 
[25]          
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑  ☒ ☒   ☑  
Study 2: Copper 
mining [26]   ☐ ☒     ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☑   ☒ ☐ 




        
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒    
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒   ☒ 
☑ d ne ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requireme ts of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑  ☒ ☒   ☑ ☑ 
Study 2: Copper 
mi ing [26]   ☐ ☒    ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☒ ☒ ☒ ☐ 
Studies 4 and 5:  
Designing gri ding 
wheel, Grinding 
process [12] 
         
Study 6: SO2 abatement 
[25] ☑ ☐ ☑  ☒    ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]  ☑ ☑      ☑ 
Study 2: Copper 
mining [26]  ☐ ☐  ☒   ☑  
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐     ☒ ☒ 
Study 6: SO2 abatement 
[25]         
Study 7: HVFA 
concrete [28] ☑ ☐  ☑   ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. Th  r qu rements of the definition of the func ional unit. 
 
Prop rties of 
























Study 1: Boron mining 
and processing [11,25]      ☑ ☑  ☑ 
Study 2: Copper 
mining [26]  ☐ ☐    ☑  
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑   ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]          
Study 7: HVFA 
c ncrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requ rements of the defi ition of the func ional unit. 
 
Properties of 
























Study 1: Boron m ning 
and processing [11,25]  ☑    ☑ ☑  ☑ 
Study 2: Copper 
mining [26]  ☐ ☐  ☒     
Study 3: Cobalt 
extraction process [27]  ☑  ☑ ☒ ☒ ☒ ☐ 




         
Study 6: SO2 abatement 
[25]          
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the defi ition of the functional unit. 
 
Proper es of 
























Study 1: B ron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐  ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑  ☒ ☒ ☒  ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Study 6: SO2 abatement [25]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒  ☑   
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extracti n process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




 ☐   ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐   ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 





















O ti ization 
Hybrid 
Assessment 
Study 1: Boron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☐ ☐ ☒ ☒ ☒ ☒  ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑ ☑ ☒ ☒ ☒ ☒ ☐ 




☐   ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☐   ☒ ☒ ☒ ☒  
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the d finition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☒ ☒ ☑  ☑ ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
S udy 3: Cobalt 
extracti n process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒  ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐   ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Su tai bility 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requireme ts of th  definition of the functi al unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]   ☑ ☒ ☒   ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒  ☒ ☑ ☐ 
tudy 3: Cobalt 
extraction process [27]  ☑ ☒ ☑  ☒ ☐ 




☑ ☐ ☑ ☑ ☒   ☒ 
Study 6: SO2 abate ent 
[25]  ☐  ☒   ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒   ☒ 
☑ d ne ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requireme ts of the definiti  of the f ncti al nit. 
 
Properties of 




Product o  
Process 
Alternatives

















Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑   ☑ 
Study 2: Copper 
mi ing [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: C balt 
extraction process [27] ☑ ☑ ☑ ☒ ☒ ☒ ☒ ☐ 
Studies 4 and 5:  
Designing g i ding 
wheel, Grinding 
process [12] 
 ☐   ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐  ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of th  defi ition of the fu cti n l u it. 
 
Propertie  f 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑  ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extracti n process [27] ☑ ☑ ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




 ☐   ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐ ☑  ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐  ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
S stainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining
and processing [11,25] ☑   ☒ ☒ ☑ ☑  ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extracti n process [27]   ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




 ☐   ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐   ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustai ability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requ rements of he defi iti n f the fu ctional unit. 
 
Properties of 
























Study 1: Boron m ning
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26]  ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extracti n process [27] ☑   ☑ ☒ ☒ ☒ ☐ 




 ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25]  ☐   ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition f t e functional unit. 
 
Proper es of 
























Study 1: B ron mining
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑  ☑ 
Study 2: Copper 
mining [26] ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒ ☒ ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☐   ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Study 7: HVFA co crete [28]
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the function l unit. 
 
Properties f 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒  ☑ ☑  
Study 2: Copper 
mining [26]   ☐ ☒    ☑ ☐ 
Study 3: Cobalt 
extraction process [27]  ☑  ☒     ☐ 




         
Study 6: SO2 abatement 
[25] ☑ ☐ ☑  ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requir m nts of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Stu y 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑  ☒ ☒ ☐ 




☑ ☐ ☑  ☒ ☒   
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of the definition of the functional unit. 
 
Properties of 




Pro uct or 
Process 
Alternatives 

















Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑  ☑ ☑ 
Study 2: Copper 
mining [26]   ☐ ☒     ☐ 
Study 3: Cobalt 
extraction process [27]  ☑  ☒ ☑    ☐ 




         
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r quirements of he definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25]   ☑ ☒ ☒   ☑ 
Study 2: Copper 
mining [26]   ☐ ☒     ☐ 
Study 3: Cobalt 
extraction process [27]  ☑  ☒ ☑   ☐ 




☑ ☐ ☑ ☑ ☒    
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☒   ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒   ☒ 
☑ d ne ☐missing ☒ Not applicable. 
  
Sustain bility 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requireme ts of the definitio  of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mi ing [26]   ☐ ☒     ☐ 
Study 3: Cobalt 
extraction proc s [27]  ☑  ☒    ☐ 
Studies 4 and 5:  
Designing gri ding 
wheel, Grinding 
process [12] 
☑ ☐ ☑  ☒    ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26]   ☐ ☒    ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑   ☒  




        
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐  ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16
 
Table 4. The r qu rements of the definition of the functional unit. 
 
Properties of 
























Study 1: Boron mining 
and processing [11,25] ☑   ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26]   ☐ ☒   ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑  ☑ ☒ ☑ ☒ ☒ ☒ ☐ 




        
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
c ncrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
T ble 4. The requ r ments of he defi ition of the functional unit. 
 
Properties of 
























Study 1: Boron m ning 
and processing [11,25] ☑ ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26]   ☐     ☑ ☐ 
Study 3: Cobalt 
extraction process [27]  ☑  ☑    ☐ 




         
Study 6: SO2 abatement 
[25]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28]  ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirements of he defi ition f the functional unit. 
 
Properties of 
























Study 1: B ron mining 
and processing [11,25]  ☑ ☑ ☒ ☒ ☑ ☑ ☑ ☑ 
Study 2: Copper 
mining [26] ☑ ☐ ☐ ☒ ☒ ☒ ☒ ☑ ☐ 
Study 3: Cobalt 
extraction process [27] ☑ ☑  ☒ ☑ ☒ ☒  ☐ 




☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
c ncrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
Sustainab lity 2020 2, x FOR PE R REVIEW 9 of 16 
 
Table 4. The r quirements of th  definition of the functional unit. 
 
Pr p ties of 
























Stu y 1: Bo on mi i g 
and pro essing [11, 5]   ☑  ☒   ☑ ☑ 
St y 2: C pper 
mining [26]  ☐ ☐ ☒ ☒  ☑ ☐ 
Study 3: Cobalt 
extraction proces  27] ☑ ☑ ☑ ☒ ☑ ☒  ☒ ☐ 




 ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
done
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The requirem nts of the d fi itio  of the fu ctio al unit. 
 
Properties of 




Prod ct r 
Proc ss
Alternatives 
Fu ctiona  Un t 
Norm l 
Sy te  














dy 1: Boron min ng 
and processing [11,25]  ☑ ☒ ☒   ☑ ☑ 
Study 2: Copp r
mining [26]  ☐  ☒ ☒  ☒ ☑ ☐ 
tudy 3: Cobalt 
extraction proc ss [27]  ☑ ☒  ☒ ☒ ☐ 
Studies 4 and 5: 
Designing gri ding 
wheel, Grinding
process [12] 
☑ ☐ ☑ ☑ ☒  ☒ ☒ ☒ 
Study 6: SO2 abateme t 
[25] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
☑ done ☐missing ☒ Not applicable. 
  
mi si g
Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
 
Table 4. The r quir m nts of the defi itio  of the fu ct o l unit. 
 
ropert s of 












Disa regatio  
llocat on 
Using Physical 
C usatio  
Alloc tion Usi g 
ther 
Relationships 




Asse s ent 
St  1: Boron mining 
and processing [11,25]  ☑  ☒   ☑  
Study 2: Copper 
mining [26] ☑ ☐ ☒  ☒ ☑ ☐
St y 3: Cobalt 
extraction process [27] ☑ ☑     ☒ ☒ ☐ 
Studies 4 and 5:  
Designing grinding 
wheel, Gri ding 
process [12] 
☑ ☐ ☑ ☑ ☒ ☒ ☒ ☒ ☒ 
Study 6: SO2 abatement 
[25] ☑ ☐ ☑ ☑ ☒ ☒  ☒ ☒ 
Study 7: HVFA 
concrete [28] ☑ ☐ ☑ ☑ ☒ ☒  ☒ ☒ 
☑ done ☐missing ☒N t applicable.
  
Not applicable.
Sustainability 2020, 12, 9313 8 of 12
Table 5. Presence or absence of the main FU parameters for the six functional units of these studies.
Verb What? How Many? How Well? For How Long?
FU1: «Operation of the
system for one year» No Yes No No Yes
FU2: «The production of 1
kg of copper cathode» No Yes Yes No No
FU3: «The production of 1
kg of cobalt» No Yes Yes No No
FU4: «The material
extraction and production
phase of a vitrified bonded
grinding wheel with a
straight profile, an external
diameter of 400 mm, width
of 15 mm and an abrasive
layer thickness of 5 mm»
No Yes Yes Yes No




Yes Yes Yes No No
FU 6: «Treatment of one
ton of SO2 in the flue gas»
No Yes Yes No No
FU 7: «The amount of
concrete needed in a 1 m3
structure with a service life
of 50 years»
No Yes Yes No Yes
4. Discussion
This work is entirely dedicated to the arbitrariness in the formulation of an FU and suggests an
exhaustive diagnosis of the blockages encountered. The main results revealed:
1. The lack of guidance on the uncertainty about the end use of the product or process, the inclusion
of stakeholder interests in the formulation of the FU, and the prioritization of functions when
dealing with multifunctional systems.
2. Failure to comply with certain requirements of the definition of the FU, in particular those
relating to the identification of the market segments of the subject of study, the determination of
alternative products and processes, and in the case of a multi-functional objects of study with
strong interconnections with co-products or sub-processes, the avoidance of allocation techniques
through the use of hybrid LCA-MO evaluations.
3. The incompleteness of the configuration of the FUs was characterized by the absence of the
introductory verb, indicators of quality, and durations of performance.
In this article devoted to the first part of this work, the focus is placed on the importance of
the end use of the product as well as the interests of stakeholders in the formulation of the FU.
Work on the prioritization of functions, requirements and functional unit settings are the subject of
subsequent publications.
Studies dealing with the definition of the FU conclude that there is no regulatory framework
specific to each sector of activity. They also conclude that the configuration of the FU is incomplete [6,22].
These conclusions corroborate the results of this study. As pointed out by several authors [5,13,14],
the difficulties in the selection of the functional unit mainly lie with multifunctional systems and
systems that are difficult to scale. The mining sector is indeed full of this type of system. The case
studies considered in this work are concrete proof of this (Table 3). In addition to revealing the
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shortcomings and the limits of the selection of the FUs, the results highlight the key points missing
from the FU in the mining sector: the final utility of the product and stakeholder interests. To grasp
these key points, one can indeed ask whether the cost of the life cycle of products compared to their
final utility constitutes a viable or sustainable economic model. Care must be taken to approach this
crucial question through the prism of the FU, in order to shed the light necessary for its adequate
and complete definition. ISO 14044 states that the FU should “specify the functions (performance
characteristics) of the system being studied”, “be consistent with the goal and scope of the study”,
and be “clearly defined and measurable” [4]. The function identified should reflect the goals of the
study and be based on end-use [20]. Specific components of FUs should include quantity (“how
much”), quality (“how well”) and duration (“how long”) indicators [6,17,33]. This definition could be
enough for most sectors except mining sectors. The mining sectors has its own characteristics in terms
of its contribution to society. The existence of mining sectors for sustainable development is a necessity.
Minerals are basic and essential materials for many things; therefore, the mining sector contributes to
economic and social development in a variety of ways. These are:
1. Construction: To develop, maintain and enhance transport infrastructure and built environments.
Without minerals, it is impossible to construct buildings, houses, roads, bridges, dams, etc.
2. Manufacturing: All of the industrial products and consumer goods are made of minerals.
3. Energy: Fossil minerals are used as energy for transportation and to generate electricity for use in
houses, industry, and commerce.
4. Fertilizer: Minerals are also used as fertilizer to improve the productivity of soil.
Abundance of natural resources, especially minerals, has adverse consequences for economic
development [34]. Metals are used in most modern technologies either as necessary constituents
or to enhance technological efficiencies. Rare metals and rare earth metals are critical elements in
high-tech industries. Analysis of industrial linkages demonstrates that mining industries are basic
for national economies. The history of civilization and industrial advancement has been linked
with man’s ability to harness and use the materials available. Mineral resources are valuable assets.
Unlike human resources, capital, knowledge, and manufacturing facilities, they are non-transferable
and can only be mined where they occur. This distinguishes mining from the other industrial sectors
of the economy [35]. Therefore, FUs should consider the economic and social benefits of mining
sectors. Benefits from income and employment are the main positive impacts. Land use-related
impacts and environmental impacts affecting human health and human rights appear to be the most
concerning social aspects in the mining sector. It should be noted, however, that working conditions
and human rights indicators are often considered in studies as well as methodological frameworks
from the SDGs in Global Reporting Initiative (GRI) and European Union (EU), policy, and the databases
used in Social Life Cycle Assessments (SLCA). On the other hand, the indicators of demographic
variations and migration due to the presence of mines as well as the impacts relating to land use are
less so in the reference frameworks for sustainable development [36]. However, social considerations
are a crucial issue in the mining sector because social risks can generate impacts across a range of
institutions, boundaries and factors [37]: “The industry must respond to sustainability challenges by
engaging its many different stakeholders and addressing their sustainability concerns. The industry
must also be able to measure and assess its sustainability performance and to demonstrate continuous
improvements over long term” [38]. Specification of the FU and the reference flows is essential to
build and model the product system. Modeling the product system is essential to identifying locations
and specific stakeholders involved [24]. Thus, as the system is delineated, stakeholders are identified,
and their interests are considered in the specification of an FU on an iterative basis. “The FU is
the quantification of function that the product system delivers and is used as a basis for calculating
the potential impacts” [39]. An inappropriate choice of FU may result in less reliable LCA studies,
going so far as to alter the apparent favorable option [8–12]. Comparatives LCA studies are probably
the most sensitive to the choice of FU. Several authors from various fields report radically different
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conclusions that depend on the FU chosen [8–12,39,40]. Such conclusions have the effect of misleading
stakeholders. Decision-makers must be able to identify and favor virtuous systems. To limit the effects
of errors, Salou et al. recommend using several FUs for the same study in order to highlight all the
implications [40]. At the same time, Matheys et al. indicate that when using a realistic FU, the results of
LCA studies are not significantly influenced by the choice of FU [10]. There must be a way to reconcile
these conflicting observations, in the way this study explores.
One of the strengths of this study concerns the research plan implemented. The complexity of
the definition of the FU is considered from a reduced number of case studies. All the aspects and
characteristics of mining, whether environmental, economic, social, or mixed, have been described
and their effects analyzed. The comparison of the cases allowed the abstraction of common elements
and the identification of particularities of the definition of the FU in the mining sector. However,
certain limitations must be considered. In particular, the transferability of the results of this study
to other sectors of activity cannot be envisaged without prior adaptation, given the diversity of the
contexts in which the products, processes and systems operate.
5. Conclusions
It has been seen that the FU is not properly defined in the mining sector. It does not consider the
key parameters of the final utility of the product (or process) and the interests of stakeholders. It is for
this reason that it would be difficult to compare, for example, the production of copper or alumina
between two regions of the earth, as this does not only require considering the production process,
but the whole environment around production: environmental aspects such as pollution which affect
human health; economic aspects such as employee income, number of jobs, contribution to the national
economy; and social aspects such as working conditions, human rights, demographic variations and
migration due to the presence of the mine as well as impacts relating to land use.
Integrating all these parameters into the FU requires both a precise and concise methodology in
future research.
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